We present 33 GHz imaging for 112 pointings towards galaxy nuclei and extranuclear star-forming regions at ≈2 resolution using the Karl G. Jansky Very Large Array (VLA) as part of the Star Formation in Radio Survey. A comparison with 33 GHz Robert C. Byrd Green Bank Telescope singledish observations indicates that the interferometric VLA observations recover 78 ± 4% of the total flux density over 25 regions (≈ kpc-scales) among all fields. On these scales, the emission being resolved out is most likely diffuse non-thermal synchrotron emission. Consequently, on the ≈ 30 − 300 pc scales sampled by our VLA observations, the bulk of the 33 GHz emission is recovered and primarily powered by free-free emission from discrete Hii regions, making it an excellent tracer of massive star formation. Of the 225 discrete regions used for aperture photometry, 162 are extranuclear (i.e., having galactocentric radii r G ≥ 250 pc) and detected at > 3σ significance at 33 GHz and in Hα. Assuming a typical 33 GHz thermal fraction of 90%, the ratio of optically-thin 33 GHz-to-uncorrected Hα star formation rates indicate a median extinction value on ≈ 30 − 300 pc scales of A Hα ≈ 1.26 ± 0.09 mag with an associated median absolute deviation of 0.87 mag. We find that 10% of these sources are "highly embedded" (i.e., A Hα 3.3 mag), suggesting that on average Hii regions remain embedded for 1 Myr. Finally, we find the median 33 GHz continuum-to-Hα line flux ratio to be statistically larger within r G < 250 pc relative the outer-disk regions by a factor of 1.82 ± 0.39, while the ratio of 33 GHz-to-24 µm flux densities are lower by a factor of 0.45 ± 0.08, which may suggest increased extinction in the central regions.
INTRODUCTION
Radio emission from galaxies is powered by a combination of distinct physical processes. And although it is energetically weak with respect to a galaxy's bolometric luminosity, it provides critical information on the massive star formation activity, as well as access to the relativistic [magnetic field + cosmic rays (CRs)] component in the interstellar medium (ISM) of galaxies.
Stars more massive than ∼ 8 M end their lives as core-collapse supernovae, whose remnants are thought to be the primary accelerators of CR electrons (e.g., Koyama et al. 1995) giving rise to the diffuse synchrotron emission observed from star-forming galaxies (Condon 1992) . These same massive stars are also responsible for the creation of Hii regions that produce radio free-free emission, whose strength is directly proportional to the production rate of ionizing (Lyman continuum) photons.
Radio frequencies spanning ∼1 − 100 GHz, which are observable from the ground, are particularly useful in probing such processes. The non-thermal emission component typically has a steep spectrum (S ν ∝ ν −α , where α ∼ 0.8), while the thermal (free-free) component is relatively flat (α ∼ 0.1; e.g., Condon 1992) . Accordingly, for globally integrated measurements of star-forming galaxies, lower frequencies (e.g., 1.4 GHz) are generally dominated by non-thermal emission, while the observed thermal fraction of the emission increases with frequency, eventually being dominated by free-free emission once beyond ∼30 GHz (Condon & Yin 1990) . For typical Hii regions, the thermal fraction at 33 GHz can be considerably higher, being ∼80% (Murphy et al. 2011 ). Thus, observations at such frequencies, which are largely unbiased by dust, provide an excellent diagnostic for the current star formation rate (SFR) of galaxies.
It is worth noting that the presence of an anomalous microwave emission (AME) component in excess of freefree emission between ∼10 and 90 GHz, generally attributed to electric dipole rotational emission from ultrasmall (a 10 −6 cm) grains (e.g., Erickson 1957; Draine & Lazarian 1998a,b; Planck Collaboration et al. 2011) or magnetic dipole emission from thermal fluctuations in the magnetization of interstellar dust grains (Draine & Lazarian 1999; Hensley et al. 2016) , may complicate this picture. For a single outer-disk star-forming region in NGC 6946, Murphy et al. (2010) reported an excess of 33 GHz emission relative to what is expected given existing lower frequency radio data. This result has been interpreted as the first detection of so-called "anomalous" dust emission outside of the Milky Way. While the excess was only detected for a single region in this initial study, follow-up observations yielded additional detections in the disk of NGC 6946 (Hensley et al. 2015) . However it appears that this emission component is most likely sub-dominant for globally integrated measurements.
Due to the faintness of galaxies at high (i.e., 15 GHz) radio frequencies, existing work has been restricted to the brightest objects, and small sample sizes. For example, past studies demonstrating the link between highfrequency free-free emission and massive star formation include investigations of Galactic star-forming regions (e.g., Mezger & Henderson 1967) , nearby dwarf irregular galaxies (e.g., Klein & Graeve 1986) , galaxy nuclei (e.g., Turner & Ho 1983 , nearby starbursts (e.g., Klein et al. 1988; Turner & Ho 1985) , and super star clusters within nearby blue compact dwarfs (e.g., Turner et al. 1998; Kobulnicky & Johnson 1999) . And while these studies focus on the free-free emission from galaxies, each was conducted at frequencies 30 GHz. With recent improvements to the backends of existing radio telescopes, such as the Caltech Continuum Backend (CCB) on the Robert C. Byrd Green Bank Telescope (GBT) and the Wideband Interferometric Digital ARchitecture (WIDAR) correlator on the Karl G. Jansky Very Large Array (VLA), the availability of increased bandwidth is making it possible to conduct investigations for large samples of objects at frequencies ∼30 GHz.
In a recent paper, we presented 33 GHz photometry taken with the CCB on the GBT as part of the Star Formation in Radio Survey (SFRS; Murphy et al. 2012) . Building on that work, we obtained 33 GHz imaging for the SFRS using the VLA, allowing us to map the 33 GHz emission from each region on 2" scales, compared to the ≈25 single-beam GBT photometry. These galaxies, which are included in the Spitzer Infrared Nearby Galaxies Survey (SINGS; Kennicutt et al. 2003) and Key Insights on Nearby Galaxies: a Far-Infrared Survey with Herschel (KINGFISH; Kennicutt et al. 2011 ) legacy programs, are well studied and have a wealth of ancillary data available. We are currently in the process of reducing and imaging complementary interferometric observations at matched resolution in the S-(2−4 GHz) and Ku-(12−18 GHz) bands (VLA/13B-215; PI. Murphy), which will allow us to extend this analysis by making spectral index maps and doing proper thermal/non-thermal decompositions. The complete multi-band survey data and associated full analysis will be presented in a forthcoming paper.
In this paper, we present catalogs of 33 GHz images and flux density measurements based on VLA observations of the galaxies included in the SFRS. The paper is organized as follows: In §2 we describe our sample selection and the data used in the present study. In §3 we describe our analysis procedures. Our results are presented and discussed in §4. Finally, in §5, we summarize our main conclusions. Throughout the paper we report median absolute deviations rather than a standard deviations as this statistic is more resilient against outliers in a data set.
SAMPLE AND DATA ANALYSIS
In this section we describe the sample selection. We additionally present the VLA observations along with our reduction and imaging procedures, and provide a description of the ancillary data utilized for the present study.
Sample Selection
The Star Formation in Radio Survey (SFRS) sample comprises nuclear and extranuclear star-forming regions in 56 nearby galaxies (d < 30 Mpc) observed as part of the SINGS (Kennicutt et al. 2003) and KINGFISH (Kennicutt et al. 2011 ) legacy programs. Each of these nuclear and extranuclear star-forming complexes have midinfrared [i.e., low resolution from 5−14 µm (0. 3×0. 9) and high resolution from 10−37 µm (0. 3×0. SINGS and KINGFISH galaxies were chosen to cover the full range of integrated properties and ISM conditions found in the local Universe, spanning the full range in morphological types, a factor of ∼ 10 5 in infrared (IR: 8 − 1000 µm) luminosity, a factor of ∼ 10 3 in L IR /L opt , and a large range in star formation rate ( 10 −3 −10 M yr −1 ). Similarly, spectroscopically targeted extranuclear sources included in SINGS and KINGFISH were selected to cover the full range of physical conditions and spectral characteristics found in (bright) infrared sources in nearby galaxies, requiring optical and infrared selections. Optically selected extranuclear regions were chosen to span a large range in physical properties, including the extinction-corrected production rate of ionizing photons [Q(H 0 ) ∼ 10 49 − 10 52 s −1 ], metallicity (∼ 0.1 − 3 Z ), visual extinction (A V 4 mag), radiation field intensity (100-fold range), ionizing stellar temperature (T eff ∼ 3.5 − 5.5 × 10 4 K), and local H 2 /Hi ratios ( 0.1− 10). A sub-sample of infraredselected extranuclear targets were chosen to span a range in f ν (8 µm)/f ν (24 µm) and f Hα /f ν (8 µm) ratios.
The total set of observations over the entire sky consists of 118 star-forming complexes (56 nuclei and 62 extranuclear regions), 112 of which (50 nuclei and 62 extranuclear regions; see Tables 1 and 2, respectively) are observable with the VLA (i.e., having δ > −35
• ). The coordinates given in both tables are the VLA pointing centers, which correspond to the centers of the Spitzer mid-infrared and Herschel far-infrared spectral line maps. Galaxy morphologies, adopted distances, optically-defined nuclear types, diameters (D 25 ), inclinations (i), and position angles (P.A.) are given in Table 1 . When categorizing nuclear types using Ho et al. (1997) , we assign them to be star-forming (SF) is they were given an Hii classification or AGN if they were given either a Seyfert or LINER classification. Galaxy morpholo- b Redshift-independent distance taken from the list compiled by Kennicutt et al. (2011) , except for the two non-KINGFISH galaxies NGC 5194 (Ciardullo et al. 2002) and NGC 2403 (Freedman et al. 2001 ). c Nuclear type based on optical spectroscopy: SF = Star-Forming; AGN = Non-thermal emission as given in Table 5 of Moustakas et al. (2010) or (*) Table 4 of Ho et al. (1997) . d Position angle taken from Jarrett et al. (2003) .
gies, diameters, and position angles were taken from the Third Reference Catalog of Bright Galaxies (RC3; de Vaucouleurs et al. 1991) . For a number of sources, position angles were not given in the RC3 catalog, so we instead use those derived using 2.2 µm (K s band) photometry from the Two Micron All Sky Survey (2MASS) and given in Jarrett et al. (2003) . These sources are identified in Table 1 . We calculate inclinations using the method described by Dale et al. (1997) such that,
where a and b are the observed semi-major and semiminor axes and the disks are oblate spheroids with an intrinsic axial ratio (b/a) int 0.2 for morphological types earlier than Sbc and (b/a) int 0.13 otherwise. Observations in the Ka band (26.5 − 40 GHz) were taken during two separate VLA D-configuration cycles. As with our GBT program, the observing strategy was constructed to make the most efficient use of the telescope. Thus, given the large range in brightness among our targeted regions, we varied the time spent on source based on an estimate of the expected 33 GHz flux density using the Spitzer 24 µm maps. D-configuration observations were obtained in November 2011 (VLA/11B-032) and March 2013 (VLA/13A-129). For the first round of observations, the 8-bit samplers were used, yielding 2 GHz of simultaneous bandwidth, which we used to center 1 GHz wide basebands at 32.5 and 33.5 GHz. For the latter run, the 3-bit samplers became available, yielding 8 GHz of instantaneous bandwidth in 2 GHz wide basebands centered at 30, 32, 34, and 36 GHz. The standard VLA flux density calibrators 3C 48, 3C 286, and 3C 147 were used.
During the 11B semester, there was a correlator malfunction such that only the first second of all correlator integration times were recorded. In our case, we used a 3 s dump time, resulting in only obtaining 1 3 of the requested data. Because of this, a fraction of sources included in VLA/11B-032 were re-observed later in the semester, some of which were observed during the move in DnC-configuration. We additionally re-observed a number of sources during 13A that were not re-observed in 11B. These various cases are identified in Tables 3 and  4 To reduce the VLA data, we used a number of Common Astronomy Software Applications (CASA; McMullin et al. 2007 ) versions and followed standard calibration and editing procedures, including the utilization of the VLA calibration pipeline. For data calibrated with the VLA pipeline using CASA 4.4.0 or later, we inspected the visibilities and calibration tables for evidence of bad antennas, frequency ranges, and time ranges, flagging correspondingly. We also flagged any instances of RFI, for which we found very little of at 33 GHz. After flagging, we re-ran the pipeline, and repeated this process until all bad data was removed.
For data calibrated without the pipeline, we used the following general procedure, and re-generated all previous calibration tables as necessary if antennas, frequencies, or time ranges were flagged for having bad data:
1. Generate initial calibration tables for antenna position, opacity, and gain curve.
2. Set the flux calibrator's flux scale using the 2010 version of the Perley & Butler model.
3. Generate the initial delay calibration table (using the flux calibrator), applying prior calibration tables on-the-fly.
4. Generate the initial short (15 s) integration phaseonly gain calibration table (using the flux calibrator), applying the delay table and prior tables onthe-fly.
5. Generate the initial bandpass calibration (using the flux calibrator), applying the delay, phase, and prior tables on-the-fly.
6. Generate the final short integration phase-only gain calibration tables for all calibrators (flux and phase), applying the delay, bandpass, and prior tables on-the-fly.
7. Generate amplitude+phase gain calibration tables for all calibrators, applying the delay, short phase, bandpass, and prior tables on-the-fly.
8. Use the amplitude+phase calibration tables to set the final flux scale calibration for all phase calibrators.
9. Generate the final long (full scan) integration phase gain calibrations for all calibrators, applying the delay, bandpass, flux scale, and prior tables on-thefly.
10. Apply the long integration phase, bandpass, delay, flux scale, and prior tables to all science targets.
For all delay and bandpass tables applied on-the-fly, we used the default nearest-neighbor interpolation. For phase and flux scale tables, we used a linear interpolation. For all 87 nuclear and extranuclear regions that were calibrated by hand using CASA versions 4.2.1 or earlier, the 2010 Perley & Butler flux density scale was applied as the default. This is different than the flux density scale used in the pipeline calibrated data run with CASA version 4.4.0 or later (i.e., Perley & Butler 2013) . To place everything on the same flux density scale, we corrected the amplitude of the final images for all 87 regions by multiplying them by the ratio of the Perley & Butler 2013 to 2010 flux density scalings. The average correction factor was near unity at 0.98 with an rms scatter of 0.01.
Interferometric Imaging
Calibrated VLA measurement sets for each source were imaged using the task tclean in CASA version 4.6.0. For some cases (see Tables 3 and 4) , the Ka-band images contain data from observations taken during both the 11B and 13A semesters, but are heavily weighted by the 13A semester observations as those include significantly more data. The mode of tclean was set to multifrequency synthesis (mfs; Conway et al. 1990; Sault & Wieringa 1994) . We chose to use Briggs weighting with robust=0.5, and set the variable nterms=2, which allows the cleaning procedure to also model the spectral index variations on the sky. To help deconvolve extended low-intensity emission, we took advantage of the multiscale clean option (Cornwell 2008; Rau & Cornwell 2011) in CASA, searching for structures with scales ≈1 and 3 times the FWHM of the synthesized beam. The choice of our final imaging parameters was the result of extensive experimentation to identify values that yielded the best combination of brightness-temperature sensitivity and reduction of artifacts resulting from strong sidelobes in the naturally weighted beam for these snapshot-like observations.
The images were placed on a 512 × 512 pixel grid with a pixel scale of 0. 3. However, for two sources (NGC 0628 Enuc. 4 and NGC 0855), the pixel scale was reduced to 0. 15 to ensure that the FWHM of the synthesized beam minor axis remained Nyquist sampled.
For two sources in the sample, NGC 4594 and NGC 4579, a signal-to-noise ratio (SN R) ≥ 3 was achieved across the majority of all channels and spectral windows. This allowed us to accurately perform phase only, and subsequently amplitude+phase, self-calibration for these two sources. The peak brightness of the selfcalibrated images differs from that of the originals by less than 5%, however the new peak SN Rs of NGC 4594 and NGC 4579 are improved by factors of ≈2 and ≈3, respectively (achieving peak SN Rs of ∼2900 and ∼1500, respectively).
A primary beam correction was applied using the CASA task impbcor before analyzing the images. The primary-beam-corrected continuum images at 33 GHz for each target are shown in Figure 1 . The FWHM of the synthesized beams are given in Tables 3 and 4 for all sources, along with the corresponding point-source and brightness temperature rms values for each of the final images. Given the range of distances to the sample galaxies, this ensured that the linear scale investigated was always 300 pc (i.e., the size of giant Hii regions). We also note that the VLA images made with the chosen array configurations should be sensitive to extended emission on angular scales up to ≈24 for these snapshot observations.
We also created a suite of (u, v)-tapered images for all nuclear and extranuclear regions in order to assess the potential for missing large-scale emission. After tapering to 2. 5, we find that we recover ∼ 3% more flux density relative to the non-tapered images, suggesting that on the scales of the individual Hii regions and nuclei, we are not missing a significant amount of the source flux density.
Ancillary Data
The Hα imaging used in the analysis is taken from references cited in the compilation by Leroy et al. (2012) , where details about the data quality and preparation (e.g., correction for [NII] emission) can be found. Hα images were corrected for foreground stars. The typical resolution of the seeing-limited Hα images is ≈1-2 , and the calibration uncertainty among these maps is taken to be ≈20%.
Archival Spitzer 24 µm data shown in Figure 1 were largely taken from the SINGS and Local Volume Legacy (LVL) legacy programs, and have a calibration uncertainty of ≈5%. Details on the associated observation strategies and data reduction steps can be found in Dale et al. (2007) and Dale et al. (2009) , respectively. Two galaxies, IC 342 and NGC 2146, were not a part of SINGS or LVL; their 24 µm imaging comes from Engelbracht et al. (2008) .
Hα and 33 GHz Aperture Photometry
Before making photometric measurements, we aligned the Hα images to the 33 GHz VLA images, which have sub-arcsecond astrometric accuracy. In most cases, the Hα images had existing astrometric solutions matching multiple Hα peaks with 33 GHz counterparts to better than half of the synthesized beam FWHM. We adopted the existing astrometry for these galaxies. For those remaining galaxies with multiple bright radio sources (e.g., NGC 0628), we aligned the Hα images by eye, ensuring that the peaks of multiple bright features matched their radio counterparts within 1 . While there may be physical offsets between 33 GHz and Hα emission arising from high levels of extinction, we note that these offsets are unlikely to be systematic for multiple distinct peaks. In our alignment process, we did not encounter any cases for which the astrometry is significantly affected 11 . We adopt the existing astrometry for galaxies with only one detected radio source (e.g., NGC 3198).
11 The nucleus of NGC 4631 is a good example of a case where the Hα and 33 GHz morphologies are clearly distinct. For this galaxy, we note that outside of the 33 GHz field-of-view, the Hα and 24 µm images align to better than 1 and that within the 33 GHz field-of-view, multiple 24 µm and 33 GHz peaks align to ≈0.5 . We suspect that the Hα vs 33 GHz mismatches are caused by high extinction along the line-of-sight into this edge-on galaxy.
Due to the higher intrinsic brightness of the Hα transition relative to free-free emission, our source detection is primarily limited by the 33 GHz noise and brightness temperature sensitivity given in Tables 3 and 4 . Because of this, we identified photometric regions by drawing rectangular and polygon apertures around strongly detected 33 GHz sources. Using PyBDSM 12 (Mohan & Rafferty 2015) , we have verified that the native resolu- tion 33 GHz selected sample is complete down to 5σ for sources with angular sizes comparable to the ∼2 synthesized beam. To minimize the relative contribution from large angular scale Hα emission that might fall under the 33 GHz brightness temperature sensitivity threshold, these apertures are drawn tightly around the brightest parts of the 33 GHz sources. For 33 GHz non-detections, we simply drew a large aperture encompassing Hα (or 24 µm, see §2.6) structures near the phase center. The regions, listed in Table 5 , are named according to the nearest 33 GHz image, with an alphabetical suffix if there are multiple regions corresponding to one image. For example, "NGC 2403 Enuc 2. B" is one of 3 regions in the image of extranuclear region 2 in NGC 2403. It is also visible in the image of NGC 2403's nucleus, which has only one (non-detection) region: "NGC 2403" (see Figure 1) .
Using the CASA task imstat, we measured and report the Hα line flux and 33 GHz flux density for each region in Table 5 detected with a SN R > 3. For sources that are not detected at this significance we provide a corresponding 3σ upper limit. The uncertainty in the 33 GHz flux density is taken to be the standard VLA calibration uncertainty (∼3%; Perley & Butler 2013) added in quadrature with the empirically measured noise from empty regions in each image given in Tables 3 and 4 . As stated in §2.4, the calibration uncertainty of the Hα narrowband imaging is ≈20%, which dominates the uncertainty of the Hα photometry. Also provided in Table  5 is a measure of the galactocentric radius (r G ) in units of kpc for each position. These values are calculated using the assumed galaxy inclinations, position angles, and distances listed in Table 1 .
Inclusion of 24 µm Data with Aperture Photometry
To accurately match the photometry obtained with the 33 GHz and Hα images to that measured using the Spitzer 24 µm data, which is at much lower resolution (≈ 7 ), we first resolution matched the images. Both the 33 GHz and Hα were convolved with a Gaussian kernel resulting in a final FWHM of 7 . Following the image registration method of Aniano et al. (2011) , we convolved the 24 µm maps with a kernel that both subtracts out the complex 24 µm PSF and restores the image with a Gaussian PSF having a FWHM of 7 .
Using the resolution matched images, we measured the flux density within apertures having a 7 diameter. No attempt was made to apply an aperture correction to the convolved-map photometry as we are only interested in using these data to compare relative values measured at these three bands. The majority of these 179 apertures were created by centering a 7 diameter circle around the peak pixel in each native resolution aperture and removing apertures that overlap significantly with others or are strongly contaminated by emission from nearby bright sources. Additionally, we have created 7 apertures for 17 "diffuse detections" where the 33GHz emission is intrinsically faint and diffuse such that it falls below our compact source detection threshold on 2 scales, but constitutes a > 5σ detection on 7 scales.
The corresponding 33 GHz flux densities, Hα line fluxes, and 24 µm flux densities for each region detected with a SN R > 3 are given in Table 6 . Similar to the naming convention for the photometry carried out at the full resolution of the 33 GHz maps, sources are named according to the nearest 33 GHz image, with an alphabetical suffix if there are multiple regions corresponding to one image. However, we distinguish individual sources identified in the smoothed maps by instead using a lowercase letter. For example, "NGC 2403 Enuc 2. b" is one of two regions in the image of extranuclear region 2 in NGC 2403, and is composed of the sum contribution of NGC 2403 Enuc 2. B and NGC 2403 Enuc 2. C in the fullresolution maps. For sources that are not detected at this significance we provide a corresponding 3σ upper limit. As done for sources listed in Table 5 , we similarly provide a measure of the galactocentric radius in units of kpc for each position.
RESULTS

Comparison with Single Dish
As a first test to see how much emission might be resolved out of these snapshot-like 33 GHz images, we perform a comparison between the emission recovered in the interferometric images with the photometry obtained with the GBT given in Murphy et al. (2012) . To do this, we multiply the VLA image by an elliptical Gaussian of peak unity, having major/minor axes and position angles based on the interferometric synthesized beams such that the convolution of the two results in a circular Gaussian beam with a FWHM of 25 , to match the typical beam size of the GBT at 33 GHz. Since we assume a perfect Gaussian and do not account for additional emission arising from sidelobes in the actual GBT beam, these simulated observations will in most cases only provide a lower limit compared to what was measured by the GBT. However, we assume that this is likely a small (few percent) effect given that the sidelobes from the GBT measurements, when measurable, had an amplitude that is 2% of the beam peak, on average (Murphy et al. 2012) .
We compare these measured flux densities against what was measured by the GBT as a function of galaxy distance in the left panel of Figure 2 for sources detected at > 5σ in both datasets. In the right panel of Figure  2 , we plot the histogram of these sources using bins of 0.15 and highlight sources for which the 25 GBT beam projects to a linear diameter of 500 pc. What we find is that the VLA is typically missing ≈20% of the total flux density recovered by the GBT. The median 33 GHz VLA-to-GBT flux density ratio is 0.78 ± 0.04 with a median absolute deviation of 0.27. The most likely reason for this discrepancy between the VLA and GBT photometry is that the GBT beam is picking up diffuse emission extended on scales greater than the largest-angular scale that these VLA 33 GHz data are sensitive to (i.e., 24 ). However, we do not expect this to affect our aperture photometry results since we are only integrating on selected bright regions on the scale of a few arcseconds, where contributions from large scale diffuse emission on scales 24 should be negligible.
Furthermore, on such scales the bulk of the emission being resolved out by our 33 GHz interferometric observations is likely diffuse non-thermal synchrotron emission associated with CR electrons as they propagate away from their birth sites in supernova remnants near Hii regions. For example, the 12 sources in which the 25 GBT beam projects to a linear diameter of 500 pc, the me- Table 5 and 6, respectfully. The relative difference between the VLA and GBT measured 33 GHz flux densities plotted against distance for sources detected at the 5σ significance level in both datasets. The upper abscissa identifies the size of the projected diameter of the 25 GBT beam. For the VLA flux densities were measured by multiplying the VLA image by an elliptical Gaussian to simulate the GBT observations (see §3.1). NGC 4579, which hosts an AGN, is the data point for which the 33 GHz VLA flux density is more than a factor of 2 larger than the corresponding 33 GHz GBT flux density. Right: A histogram of the relative difference between the VLA and GBT measured 33 GHz flux densities for sources detected at the 5σ significance level in both datasets using bins of 0.15 (dotted line). Individual histograms of those sources for which the projected diameter of the 25 GBT beam is larger (solid line) or smaller (dashed line/hatch filled) than ≈ 500 pc are also shown. What is clearly evident is that the VLA flux densities are systematically lower than what was recovered by the GBT. The median 33 GHz VLA-to-GBT flux density ratio is 0.78 ± 0.04 with median absolute deviation of 0.27. For the 12 sources in which the 25 GBT beam projects to a linear diameter of 500 pc, the median 33 GHz VLA-to-GBT flux density ratio is 0.97 ± 0.10 with a median absolute deviation of 0.28, suggesting that this difference between the GBT and VLA flux densities likely arises from diffuse non-thermal synchrotron emission associated with CR electrons as they propagate away from their birth sites in supernova remnants near Hii regions.
dian 33 GHz VLA-to-GBT flux density ratio is 0.97±0.10 with a median absolute deviation of 0.28. Thus, given that the average thermal fraction at 33 GHz reported by Murphy et al. (2012) was 76% for their entire sample (and >90% on average for sources resolved on scales 500 pc), this suggests that on the ≈ 30−300 pc scales of these VLA observations the 33 GHz thermal fractions are most likely 90%. Consequently, the 80% thermal fraction of the GBT analysis is completely consistent with the measured 33 GHz VLA-to-GBT flux density ratio if all compact emission is powered by free-free radiation while the non-thermal component is completely diffuse. We note that there is a minority of sources having values above unity, for which the VLA appears to be recovering more emission than the GBT. These occurrences most likely arise due to sources hosting a variable AGN (e.g., NGC 4579 for which the 33 GHz VLA flux density is more than a factor of 2 larger than the corresponding 33 GHz GBT flux density) or situations where the GBT reference beam used for sky subtraction by nodding 1. 3 away from the source position landed on bright regions of the galaxies (e.g., NGC 3938 Enuc. 1; see Murphy et al. 2012 ).
33 GHz and Hα Morphologies
At the 2 (≈ 30 − 300 pc) scales probed by our 33 GHz observations, we are primarily sensitive to compact emission from individual star-forming complexes and galaxy nuclei. As a visual demonstration of this, we compared the 33 GHz morphologies of our targets with their Hα and 24 µm morphologies. For highest resolution, the ≈2 beam radio images and ≈ 1 − 2 seeing limited Hα images were compared at their native resolutions. To match the Spitzer PSF for the 33 GHz/24 µm comparison, we smoothed the 33 GHz images to a 7 circular beam with the CASA task imsmooth. No astrometric alignment was necessary for the 24 µm images, since the Spitzer astrometry was a near perfect match to the VLA astrometry at 7 resolution. Figure 1 shows Hα and 24 µm brightness contours overlaid on the 33 GHz images. From a visual comparison, we find that at 7 (∼ 0.1 − 1 kpc) resolution, all but one strongly-detected (≥ 5σ) 33 GHz source has a 24 µm counterpart with a nearly identical morphology. Such a tight morphological correlation is expected based on the well-known far-infrared (FIR)-radio correlation (Helou et al. 1985; de Jong et al. 1985) . Studies of the resolved FIR-radio correlation (e.g., Murphy et al. 2006; Hughes et al. 2006; Tabatabaei et al. 2007b; Murphy et al. 2008) find that lower frequency (synchrotron-dominated) radio emission is generally more spread out and diffuse than the corresponding dust emission associated with a single star-forming region as the result of CR electrons propagating significantly further than dust-heating photons. Since these 33 GHz data are dominated by free-free emission rather than non-thermal synchrotron emission that traces propagating CR electrons, we expect this emission to remain more compact and closer to the skin of the Hii regions where most of the warm dust emission is being powered.
At 2 (≈ 30 − 300 pc) resolution, we find only four 33 GHz sources that are plausibly associated with starforming regions and do not have Hα counterparts. Of these, two (NGC 4631 E and NGC 4631 F; see Figure 1 ) are located in NGC 4631, an edge-on spiral galaxy where dust lanes are likely strongly affecting the observed spatial distribution of Hα emission. The first of the two remaining 33 GHz/Hα mismatches, NGC 3627 Enuc. 1 A, has a bright 33 GHz peak that is morphologically distinct from any nearby Hα structure and is offset from the nearest Hα peak by ≈150 pc. However, the 24 µm peak pixel is co-located with the 33 GHz peak to better than Fig. 3. -The ratio of 33 GHz flux to Hα line flux plotted against galactocentric radius for all 162 sources having ≥ 3σ detections at 33 GHz and in Hα. The vertical line at r G = 250 pc indicates the radius used to conservatively distinguish nuclear and extranuclear regions as some nuclear regions may be affected by AGN. While no obvious trend is seen, the median ratio does appear to be statistically larger within a central diameter of 500 pc for all galaxies than the outer disks by a factor of 1.82 ± 0.39. We identify those sources that are clear outliers: NGC 4594 and NGC 4579, which are both known to harbor AGN that likely dominate the 33 GHz continuum emission.
≈50 pc. From this, we suspect that NGC 3627 Enuc. 1 A may be a highly extincted (A Hα 5 mag) Hii region. The final mismatch is NGC 5194 Enuc. 11 C, which is an unresolved radio peak located at the tip of a diffuse radio structure extending from the bright Hii region NGC 5194 Enuc. 11 E. This source has neither an Hα nor a 24 µm counterpart, which rules out dust as an explanation for the mismatch.
Our main result from this analysis is that ≈99% of the 33 GHz sources in our sample have morphologically similar counterparts in both the 24 µm (on scales of a few hundred pc) and Hα (on scales of ∼100 pc) images. The striking morphological similarities between the three tracers suggest that for each of these regions, the Hα, 24 µm and 33 GHz emission are powered by the same source, namely massive star formation. The Hα correspondence in particular suggests that the 33 GHz emission is primarily powered by free-free emission. Another interesting implication of the 99% matching between 33 GHz (and 24 µm) sources to Hα sources is that this places a relatively strong limit on the number of deeply embedded bright star-forming regions in these galaxies. Using 24 µm and H α observations Prescott et al. (2007) report that ≈4% of their sources are "highly embedded" (i.e., A Hα 3.3 mag) on ≈500 pc scales for ≈1800 starforming regions. Using that same criterion, we find that ≈10% of our sources appear to be highly embedded (see §3.3). This is a slightly higher fraction than that reported by Prescott et al. (2007) , which may be due to sampling regions at finer spatial scales (i.e., ≈100 pc compared to ≈500 pc), or simply due to having much fewer sources in our analysis. If young clusters were buried in molecular clouds for a long period, we would expect to observe many 33 GHz and 24 µm sources without optical counterparts. Taking a typical Hii region lifetime to be ∼ 5−10 Myr, our highly embedded fraction of ≈10% suggests that, on average, an Hii region remains embedded The ratio of 33 GHz flux to Hα line flux plotted against galactocentric radius for all 144 sources having ≥ 3σ detections at 33 GHz and in Hα after convolving both data set to 7 resolution to match the resolution of the 24 µm Spitzer data. The vertical line at r G = 250 pc (in both panels) indicates the radius used to conservatively distinguish nuclear and extranuclear regions as some nuclear regions may be affected by AGN. Similar to what is plotted in Figure 3 at higher resolution, no obvious trend is seen. However, the median ratio does appear to be larger within a galactocentric radius r G < 250 pc for all galaxies than the outer disks by a factor of 1.53 ± 0.55. Bottom: The ratio of 33 GHz to 24 µm flux density plotted against galactocentric radius for all 160 sources having ≥ 3σ detections at 33 GHz and 24 µm. Similar to the top panel, no obvious trend with galactocentric radius is seen. However, the median ratio does appear to be significantly smaller within a galactocentric radius r G < 250 pc for all galaxies compared to the outer disks by a factor of 0.45 ± 0.08. In both panels we identify those sources that are clear outliers: NGC 4594 and NGC 4579, which are both known to harbor AGN; NGC 6946 Enuc.4 B, which is a known AME detection (Murphy et al. 2010; Scaife et al. 2010; Hensley et al. 2015) ; and NGC 4725 B, which may be a background AGN or another AME detection and warrants further investigation. for 1 Myr, consistent with multi-wavelength observations of young star-forming regions in a variety of extragalactic systems (e.g., Johnson et al. 2001; Whitmore et al. 2011 ).
Radial Trends
In Figure 3 we investigate if there are any trends in the ratio of the 33 GHz flux to Hα line flux as a function of galactocentric radius. We distinguish nuclear from extranuclear sources as having a galactocentric radius r G < 250 pc since in some cases a fraction of the nuclear 33 GHz emission may be powered by a central AGN (see Figure 3 ). For the 162 extranuclear sources detected at > 3σ significance at both 33 GHz and in Hα, we calculate star formation rates following the equations given in Murphy et al. (2011 Murphy et al. ( , 2012 . As discussed in §3.1, given that these 33 GHz data are able to resolve star-forming regions within each galaxy on ≈100 pc scales combined with the results of Murphy et al. (2012 Murphy et al. ( , 2015 , we assume a 33 GHz thermal fraction of ≈90% when calculating star formation rates with Equation 11 in Murphy et al. (2011) . Using the ratio of the optically-thin 33 GHz to uncorrected Hα star formation rates, we calculate a median extinction value on 30 − 300 pc scales of A Hα ≈ 1.26 ± 0.09 mag, similar to the value of 1.4 mag reported by Prescott et al. (2007) when comparing 24 µm and H α photometry on 500 pc scales for nearly 1800 starforming regions within a sample of 38 nearby galaxies. The associated median absolute deviation is 0.87 mag. We believe that the rather large scatter here is driven by the corresponding large (20%) calibration uncertainty associated with the difficulties in Hα narrowband imaging.
A strong trend in 33 GHz flux to Hα line flux with galactocentric radius is not observed, however the median ratio does appear to be statistically larger within the central 500 pc diameter for all galaxies compared to the outer disks by a factor of 1.82 ± 0.39. Furthermore, a two-sided Kolmogorov-Smirnov (KS) test yields a probability of only ≈1.4% that both sets of ratios are drawn from the same distribution. With only the 33 GHz and Hα data alone, it is unclear if this result is primarily due to a higher amount of non-thermal emission contributing to the 33 GHz flux density or a larger amount of extinction attenuating the Hα emission within a galactocentric radius r G < 250 pc for these galaxies. It is worth noting that there are studies in the literature showing that thermal fractions of circumnuclear star-forming regions are indeed lower relative to those in the outer disks of galaxies (e.g., Kennicutt et al. 1989; Murphy et al. 2011) , which argues that additional non-thermal emission likely plays a role, although there is significant scatter among sources (e.g., Murphy et al. 2012) .
To attempt to break this degeneracy, we again plot the ratio of the 33 GHz flux to Hα line flux as a function of galactocentric radius in the top panel of Figure 4 as well as the ratio of the 33 GHz to 24 µm flux density ratio as a function of galactocentric radius in the bottom panel, all at matched resolution. Of the 179 discrete regions used for aperture photometry in the convolved maps, there are a total of 144 and 160 sources detected at ≥ 3σ at 33 GHz and Hα and 24 µm, respectively. In both panels we identify those sources with ratios that are clear outliers. These include NGC 4594 and NGC 4579, which are both known to harbor AGN, NGC 6946 Enuc.4 B, which is a known AME detection (Murphy et al. 2010; Scaife et al. 2010; Hensley et al. 2015) . The final source, NGC 4725 B has a spectrum that rises between 15 and 33 GHz based on data to be published in a forthcoming paper. This may be indicative of another AME detection, but requires further investigation to see if this is indeed the case, or perhaps a background AGN peaking at 33 GHz.
Similar to what is found in Figure 3 at higher resolution, the median ratio of 33 GHz flux to Hα line flux does appear to be larger within a galactocentric radius r G < 250 pc for all galaxies relative to the outer-disk regions by a factor of 1.53 ± 0.55. A two-sided KS test yields a probability of ≈5% that both sets of ratios are drawn from the same distribution, which is less significant than the value measured at higher angular resolution above (i.e., ≈1.4%). Assuming that the 33 GHz and 24 µm emission are both tracing current star formation unbiased by dust, any increase in this ratio among the nuclear versus the extranculear regions would suggest that the difference in the 33 GHz flux and Hα line flux ratios are in fact due to an additional emission component powering the 33 GHz emission (i.e., additional nonthermal emission). While we again find no obvious trend between the ratio of the 33 GHz to 24 µm flux densities versus galactocentric radius, the median ratio actually appears significantly smaller within a galactocentric radius r G < 250 pc for all galaxies compared to the outer disks by a factor of 0.45 ± 0.08. A two-sided KS test in this case yields a probability of 1% that both sets of ratios are drawn from the same distribution. Consequently, there appears to be a larger amount of warm dust emission per unit star-formation activity compared to 33 GHz emission within the central 500 pc diameter for the sample galaxies, consistent with far-infrared studies of nearby galaxies that find dust tends to be warmer in the centers of galaxies (e.g., Tabatabaei et al. 2007a; Groves et al. 2012; Bendo et al. 2015) . Such a situation may arise if the circumnuclear regions of these galaxies have undergone an extended star formation history in which star formation that has taken place over a longer period of time, resulting in an accumulation of 3 Myr dust-heating stars in addition to any very old bulge stars that boost the 24 µm flux density relative to the extranuclear regions. This is largely opposite to what we would expect if there was an additional component of non-thermal emission powering the 33 GHz in the central regions of these galaxies, unless the excess dust heating at 24 µm far exceeds any additional non-thermal emission contribution at 33 GHz. So, while this result alone suggests that the larger ratio of 33 GHz flux to Hα line flux found in the central regions of these galaxies may primarily arise from increased extinction, more detailed radio spectral fitting to obtain reliable thermal fractions is needed to help to confirm the dominant physical process driving the observed trend.
CONCLUSIONS
We have presented 33 GHz interferometric imaging taken with the VLA for 112 fields (50 nuclei and 62 extranuclear Hii regions) observed as part of the SFRS. These ≈ 2 resolution images are compared to archival Hα and 24 µm imaging. Our conclusions can be summarized as follows:
• A comparison with GBT single-dish 33 GHz observations indicates that the interferometric VLA observations recover 78 ± 4% of the total flux density over 25 regions (≈kpc-scales) among all fields on average indicating that, on the 300 pc scales sampled by our VLA observations, missing emission from the lack of short spacings is not significant. On ≈kpc scales, the bulk of the emission being resolved out by our 33 GHz interferometric observations is most likely diffuse non-thermal synchrotron emission associated with CR electrons as they propagate away from their birth sites in supernova remnants near Hii regions. Consequently, on the ≈ 30 − 300 pc scales sampled by our VLA observations the observed 33 GHz emission is primarily powered by free-free emission from discrete Hii regions making it an excellent tracer of massive star formation.
• A morphological comparison between the 33 GHz radio, Hα nebular line, and 24 µm warm dust emission shows remarkably tight similarities in their distributions, suggesting that each of these emission components are indeed powered by a common source expected to be massive star-forming regions, and against suggests that the 33 GHz emission is dominated by free-free emission.
• Of the 225 discrete regions used for aperture photometry, 162 are detected at > 3σ significance at both 33 GHz and in Hα and are conservatively considered to be extranuclear and star forming by having galactocentric radii r G ≥ 250 pc. By assuming a typical 33 GHz thermal fraction of 90%, we use this ratio of the optically-thin 33 GHz to uncorrected Hα star formation rates to calculate a median extinction value on 30 − 300 pc scales of A Hα ≈ 1.26 ± 0.09 mag with an associated median absolute deviation of 0.87 mag among these starforming regions.
• We find that ≈99% of 33 GHz sources in our sample have morphologically similar counterparts in both the 24 µm (on scales of a few hundred pc) and Hα (on scales of ∼100 pc) images suggesting that each is powered by massive star formation. The Hα correspondence in particular suggests that the 33 GHz emission is primarily powered by free-free emission. This result additionally puts a limit on the number of deeply embedded bright star-forming regions in these galaxies given that if young clusters were buried in molecular clouds for a long period, we would expect to observe many 33 GHz and 24 µm sources without optical counterparts. Our "highly embedded" (i.e., A Hα 3.3 mag) fraction of ≈10% suggests that, on average, Hii regions remain embedded for 1 Myr.
• We find that the median 33 GHz flux to Hα line flux ratio to be statistically larger within a galactocentric radius r G < 250 pc for all galaxies relative to the outer-disk regions by a factor of 1.82±0.39. We additionally find that the median 33 GHz to 24 µm ratio does appear to be statistically smaller in the central 500 pc diameter for all galaxies compared to the outer-disk regions by a factor of 0.45 ± 0.08. The combination of these results suggests that the larger ratio of 33 GHz flux to Hα line flux found in the central regions may arise primarily by increased extinction, rather than an excess of non-thermal radio emission. However, more detailed radio spectral fitting to obtain reliable thermal fractions is needed to help to confirm the dominant physical process driving this observed trend.
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